This paper presents the first determination of the coherence factors and the average strong-phase differences for D 0 → K − π + π 0 and D 0 → K − π + π + π − made using quantumcorrelated, fully-reconstructed (double-tagged) D 0D0 pairs produced in e + e − collisions at the ψ(3770) resonance. Knowledge of these parameters improves the sensitivity of measurements of the unitarity triangle angle γ using B-meson decays to these D-meson final states. Although CP -violation involving B-mesons has been clearly established experimentally [1] , and existing results are in good agreement with Standard Model predictions, additional and improved measurements are required to overconstrain the Cabibbo-Kobayashi-Maskawa (CKM) quark-mixing matrix [2] and probe for the effects of non-Standard Model physics. An important ingredient in this program will be a precise determination of the angle γ.
Several methods to determine γ using B − → DK − [3] decays have been proposed [4, 5, 6] . Here, D refers to either a D 0 orD 0 meson. All these methods exploit the fact that a B − can decay into D 0 K − andD 0 K − final states via b → cūs and b → ucs transitions, respectively. The weak phase between these two transitions is equal to −γ. Therefore, the amplitudes are related by:
, where r B ∼ 0.1 is the absolute amplitude ratio and δ B is the strong-phase difference. The two amplitudes interfere with one another if the D 0 andD 0 decay to the same final state, which can lead to direct CP -violation between the B − and B + decay rates if γ is non-zero. The Atwood-Dunietz-Soni (ADS) method [5] uses common flavor-specific final states such as D → K − π + to determine γ. The rates are given by:
and
where r Kπ D is the absolute amplitude ratio of the doubly-Cabibbo-suppressed (DCS) decay
and δ
Kπ D is the strong-phase difference between these two amplitudes, which is defined as:
Present measurements give r Kπ D = 0.0579 ± 0.0007 [7] , therefore, the terms on the righthand side of Eq. (2) are all of the same order, which allows significant
depending on the values of γ and the strong phases. The
have not yet been observed [8, 9] . The measurement of δ Kπ D has been made in quantum-correlated D 0D0 decays [10] in a similar manner to the analysis reported in this paper.
The flavor-specific final states
. However, for three-or fourbody D decay the amplitude ratio and strong-phase difference vary over phase space. For such D decays, for example
is modified as follows [12] :
where R Kππ 0 , δ Kππ 0 and r Kππ 0 D are defined as:
Here
0 at a point in multi-body phase space described by parameters x, and A 2 
can be determined using double-tagged D 0D0 pairs produced in e + e − collisions at the ψ(3770) resonance. The two mesons are produced in a C-odd eigenstate and their decays are quantum-correlated. The rate for the two D mesons to decay to states F and G is given by [12] :
where A F (x) (A G (y)) and AF (x) (AḠ(y)) are the amplitudes of
at points x (y) in phase space, respectively, and Γ 0 = Γ(ψ(3770) → D 0D0 ). From Eq. (4) the following double-tagged rates arise:
Here CP denotes a CP eigenstate with eigenvalue λ ± = ±1. The final states described by Eqs. (6) , (7), and (8) are referred to as 'like-sign' (LS) on account of the charges of the two kaons involved. Furthermore, the following relations are noted:
; these expressions ignore CP -violation in D decay, which is well motivated theoretically and by current experimental limits [13] .
To relate the amplitudes in Eqs. (5) to (8) to branching fractions the effects of charm mixing must be included. Charm mixing is commonly characterised by the parameters x = (M + − M − )/Γ and y = (Γ + − Γ − )/2Γ, where M ± and Γ ± are the masses and widths of the λ ± = ±1 neutral D meson mass eigenstates, respectively, and
The relations between amplitudes and branching fractions, following Ref. [14] , are given in Table I .
The best constraints on x, y and δ Kπ D come from the combination of several measurements [13] . These constraints [7] are included in the analysis reported here to improve the determination of R F and δ F D . However, the analysis is also sensitive to these parameters so results are presented without the external constraints as well. .
An 818 pb −1 data set of e + e − collisions produced by the Cornell Electron Storage Ring (CESR) at E cm = 3.77 GeV and collected with the CLEO-c detector is analysed. The CLEO-c detector is described in detail elsewhere [15] . Table II lists the 
When required in the analysis, reconstruction efficiencies are calculated from simulated samples of signal D decays. Backgrounds from other DD decays are estimated from a simulated sample of generic DD decays. 
S , ω and η → γγ reconstruction is identical to that used in Ref. [10] . Candidates 
, where E D is the sum of the D daughter candidate energies. The double-tagged yield is determined from counting events in signal and sideband regions of M bc . Fig. 1 (a) shows the distribution of M bc for
0 decays for data and simulated background events. The selection and yield determination procedures are similar to those presented in Ref. [10] . For modes that were not considered in Ref. [10] the values of the ∆E criteria are identical to those used in Ref. [16] . In
candidates for data (points) and expected background (dotted line). [17] . Yields are extracted from the signal and sideband regions of the missing-mass distribution. Fig. 1 (b) is the distribution of missing-mass squared for D → K3π candidates tagged by D → K 0 L π 0 decays for data and simulated background.
addition, to suppress background from
Significant peaking backgrounds arise in a few modes: non-resonant decays to
However, these backgrounds are all smaller than the statistical uncertainty on the yields. The peaking background yields are estimated from a simulated sample with a size equivalent to approximately 3.3 times the data sample; the uncertainty on the peaking background yield is that due to the statistics of this sample. This uncertainty is added in quadrature to that on the combinatoric background subtracted signal yields. There is a further peaking background of
which is also estimated from simulated sample. However, this contamination is treated as a separate source of systematic uncertainty because it is the dominant source for some measurements. The measured event yields after background subtraction are given in Table III. The results of the analysis are presented in terms of the observables ρ 
to the expected rates, on the assumption that the two D mesons 
9, 594 ± 99 7, 342 ± 87 -
S φ 53.0 ± 7.5 90.9 ± 9.9 42.8 ± 6.9
decay in an uncorrelated fashion or have zero coherence. Therefore significant deviation of any of the ρ parameters from a value of one can only come about through the quantumcorrelated nature of DD production at the ψ(3770) and a non-zero coherence in the D decay. The ρ observables are related to the background and efficiency corrected signal yields, S, as follows:
and ρ
where N D 0D0 is the total number of ψ(3770) → D 0D0 events. In the extraction of each like-sign observable, the product of N D 0D0 and the reconstruction efficiency is determined from the background-subtracted yield in the corresponding oppositesign samples, taking the values of the branching fractions reported in Ref. [11] . For example, in the case of ρ F LS , the observable is given by
where N are the background-subtracted yields without any efficiency corrections applied. For the majority of the CP double-tags an alternative normalization procedure is exploited, whereby knowledge of N D 0D0 , the reconstruction efficiency and the branching ratio of the CP mode, which in many cases is poorly known, is accommodated by a comparison with double-tag events involving the CP -tag against D → K − π + decays. The good knowledge of δ Kπ D [7, 10, 18] allows the contribution from quantum-correlations in these normalization events to be accounted for. Small corrections are applied related to the differing environment in which the tag is reconstructed in
In the case of the tags K + K − and π + π − the branching ratios are known well enough to use the values directly from Ref. [11] , together with measurements of the reconstruction efficiency and S(F |K + π − ). Table IV shows the measured value of each observable. In the case of ρ K3π,LS the largest uncertainty is 0.065 from the DCS branching fractions. For all observables uncertainties are also assigned to account for non-uniform acceptance across phase-space; this uncertainty is only found to be significant for ρ 
The relationships between the like-sign kaon observables and the physics parameters are given by:
and ρ 
). In making use of the ρ F CP ± observables it is convenient to define the CP -invariant observable, ∆
Some anticorrelated systematic uncertainties on ρ 
as free parameters. The values of the D-mixing parameters and branching fractions are constrained to those reported in Refs. [7] and [11] , respectively; this procedure is referred to as the mixing-constrained fit. The values of the constraints are given in Table V . Correlations amongst all free parameters are accounted for. The results of the mixing-constrained fit are given in Tab. V. The best fit values of the coherence factors and average strong-phase differences are: R Kππ 0 = 0.84 ± 0.07, δ at the 95% CL. The fit is repeated with the constraints on x, y and δ Kπ removed to estimate these pa- 
3.89 ± 0.05 3.89 ± 0.05 3.89 ± 0.05
1.47 ± 0.07 1.47 ± 0.07 1.47 ± 0.07
13.8 ± 0.5 13.8 ± 0.5 13.9 ± 0.5
3.05 ± 0.17 3.05 ± 0.17 3.05 ± 0.17
2.65 ± 0. rameters from the data; this procedure is referred to as the mixing-unconstrained fit. The ∆ and x are all reversed. The correlations amongst the fit parameters maybe found in Ref. [19] .
In summary, the first determination of the coherence factors and average strong-phase differences for [10] was shown to improve the expected sensitivity to γ at LHCb in a combined ADS analysis of Kπ and K3π final states by up to 40% [21] . The sensitivity of these data to y and δ Kπ D is also presented.
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